Appendix A: Studies of Numerical Diffusion and Numerical Input
Parameters in IFCI

Because IFCI uses a donor-agifferencing technique to modtile transport of the thrdields,
there is some concern about #féect of numerical diffusion othe calculation. In particular,
initial 1FCI calculations othe MAGICO-701 and MIXA-&xperiments predictenhelt transit
times fromthetop ofthe water to the bottom of the water that were shorter than dctssly
observed. To determine if thmight becaused bynumerical diffusion, a series sfmplified
problems were created.

The simplest configuratiothat can be compared to amgile calculation isthat of a singlesolid
particle dropping through wateiThis configuration ighe basis of thistudy. The wateregion

for each of the threexperiments (MAGICO-701, MIXA-6, KROTOS-26) was coarsely meshed.
The top node of each of these threeeshes contained anitial “melt” concentration of

1 volume%. The temperatures of the water andrttedt” were set to 373 K, so that hoiling
would take place.

Figure 18 shows the calculated MIXAatelt concentration for the coarseesh at 00.14, and
0.24 seconds. In theitial profile, the"melt” has aconcentration of 0.01 and occupies one node
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Figure 18 MIXA-6 Melt Concentration Profiles Calculated by Coarse
Mesh (10 nodes in the water) at 0.00, 0.14, and 0.24 sec
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that extend$rom 0.54 m to 0.60 m. Asme progresses, the width of tfeelt” zone broadens
and themaximumconcentration decreases. In the absencauwferical diffusion, this profile
would remain intact, maintaining both the original concentration and a width of 0.06 m.

The only user-controllable way to decrease numerdifilision in IFCI is to refine the mesh.
Figure 19 shows the location of teadingedge of thémelt” front as a function aime for four
different meshes. For all meshes, the leading edgiially located 0.06 m under thep surface

of the water. The predicted ratevaliich the front progressesries between meshes:iner
meshes decreasize numerical diffusiorand theé'melt” front takes longer to reach the bottom (at
0.6 m).

Based on the dragpefficients used ifFCI, themelt front shouldtake 0.56 seconds to reach the
bottom of the waterThis is indicated by a vertical line dime graph. The first threeesheg10,
40, and 80 nodegjisplaythe expected progression toward the “corractival time of0.56
seconds. The fourtimesh(160 nodes), however, predicts amival time ofabout 0.6 seconds.
This unexpected result is an artifacttbé multi-field solution technique used in IFCl and is
sensitive to aiser inputvaluedenoted "AL10" which is athreshold volume fraction. These of
AL10 and the symptoms of this sensitivity are described in greater detail next.

Over the course of the calculatiomt all fields(water, vapor,‘melt”) are present iall cells.
This situation carproduce singular matriceshich haltthe calculation. IFCtorrectsthis

0.6 I I | Z /!
10 Nodes

05 T
% 40 Nodes
ko)
= 04 N
s 80 Nod
S B odes _
4&-5 0.3
: 'L
202 160 Nodes .

Calculated
0.1 arrival time > T
0 | | | | | |
0.1 0.2 0.3 04 05 0.6 0.7
Time (sec)

Figure 19 Effect of Mesh Refinement in MIXA-6 on Numerical Diffusion
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situation by checking fothe presence of a threshold amount of d@dth in each cell. If the
volume fraction of dield in aparticular cell is less thahe threshold valu¢hatfield is excluded

in the calculation ofthe cellvariables. Also, convection difie field out ofthe cell is restricted
until the volume fraction of that field exceeds the threshold value.

The threshold volume fractionspecified bythe user in the input deck and has the imaume of
AL10 (p. 33 ofreference 16). If this value ieo large, thenumerical scheme artificially inhibits
the convection of the melt. Figure 20 illustrates this problem by showitigyéi2 concentration
previously presentefdr the coarsenesh at 0 0.14, and 0.24 secondsigure 18) as calculated
by thefinest mesi{160 nodes in the water). Tipeoblem is seen by comparititge shapes of the
profiles at0.14 and 0.24 seconds. The shape of the concentaidie at0.14 seconds is
reasonable and appears unaffected by the choice of AL10. In addition, one can see that the
numerical diffusion is significantly legbat than observed in the coansesh(comparewith
Figure 18). However, the concentratfmofile at0.24 secondbkas been affected by thelue of
AL10. Theleadingedge of theorofile is muchsteeper than an unaffected profile, and the peak is
characterized by a sharp point. Furthermore, as powmicearlier, the particlevelocities
calculated by IFCI for this casare dss than what they should, based upon the drag
coefficients used in the code.
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Figure 20 "Melt" Concentration Profiles Calculated by the Finest Mesh (160 nodes in the
water) at 0.00, 0.14, and 0.24 sec
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Multiple runs in which the value of AL10 was varied prove that this anomaly is ciaithyitable

to the selection athis input variable. Theomputer runs made for themalysisused a value of

10 for AL10. If a largewvalue is choserthe numericalretardation of thémelt” will occur in

coarser meshes. If a smaller value is chosen, the numerical stability of the run can be threatened.

The appearance of this particutmerical anomalgppears to be problem-dependent. Figure 21
shows the effect of mesh refinement on numerical diffusion for the MAGICO-701 calculation. All
of themeshresolutionsexaminedappear free of theumericalretardation associated with AL10.
Progressive refinement tife meshcauses the calculated fraatival time toapproach thealue

of 0.38 seconds, calculatelitectly fromthe drageoefficients. The absolute size thie node
cannotexplainthe absence of thmumericalretardation; the 80 nodmesh inthe MAGICO run
produces a node 3.125 nimgh whilethe 160 nodenesh inthe MIXA run produces a node
3.75 mmhigh. There aredifferences inthe particle diameters, particle densities, @nug
distanceghat probably determine whether oot thenumericalretardation will appear. It is
recommendedhat this type ofl-D analysis bgerformed with every calculation to determine if
numerical retardation might be present.

It is important to note that the results this numerical diffusion analysigre notdirectly
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Figure 21 Effect of Mesh Refinement in MAGICO-701 on Numerical Diffusion
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applicable tothe two-phaséoiling flows that areanalyzed inthe actual problem. There was
some difference observed betweba three MAGICO-70ineshes and little difference between
the threeMIXA-6 meshes. All of the calculations appear foroduce front transiimes that are
shorter than those measured in éxperiment. Thisnay bedue tonumerical diffusion, in which
case grid refinemenhay correct theproblem. Anothepossibility isthat the dragcoefficients
need to be modified. At thigoint in time, it isimpossible to distinguislbetween the two
alternatives. Procedurally, it is probably besmeshthe full problem adinely aspossible under
the current arraysizes withinlFCl (~1050 nodes). Results frothis mesh shouldhen be
compared against the results from a coamsesh. Ifthe two runs substantially agree, then the
problem solution is, ofoursejnsensitive to mestesolution differences betwe#re two runs. If
the runsdiffer substantiallythen the results from thgner meshare to be preferred, but the
uncertainties associated with the#éerencescannot bdully resolved at this point. Thus further
work to clarify this problem and make improvements would enhance the capabilities of IFCI.
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Appendix B: Potential Impact of Pressurization in MIXA-6

When bubbleggrow in a subcooled pool, thesupplied energy is partitioned between vapor
formation at thdubble surface angmperature elevationithin the liquid. Inthe context of the
coarsemixing stage of an FClthis meanghat energyloss from themelt to a subcoolegool
creates steam and a decrease in the subcooling efates simultaneously. MIXA-6 was
originally designed to be an isobaric experiment in whieh saturation temperature was to
remainconstant. However, the steam generatiaie wassufficiently high tocreate a modest
pressurization frond.1 MPa at théeginning ofthe experiment tabout 0.13 MPa at 1 second.
The difference insaturation temperatures at theseo pressures (99.63C at 0.1 MPa and
107.13°C, reference 17) is about 7.5 K. At first, it may seem like this is a pértrrbation that
can be ignored. However, a closxamination othe global energy balancguggests that the
pressurization cannot be ignored a priori.

One can determine whether subcooling can be ignored by comparing the energy of subcooling to
the energy of the escaped steam. If the energy of subcooimgcisless thathe energy of the
escaped steam, then subcooling can be ignored. Otherwise it cannot.

Based on a water specific heat of 4.187 kJ/kg-K and a water mass of 80 kg, there is a subcooling
energy of about 2.5 MJ due to tlmcrease in saturation temperature. The mass of steam
generated by thexperiment is obtained by integratitige product of theneasured voluméiow

rate and thedensity as a function faturation pressureThis integration produces a mass of
0.365 kg of steanthat left the system between 0 and 1 second. Based upoentimalpy of
vaporization of 2.257 MJ/kg, the vaporization energy was 0.82 TWis is less than a third of

the subcooling energy. If, instead, the subcooling energy were much smaller than the vaporization
energy, the effect of pressurization could be ignored with confid&ioee the calculated
subcooling energy is thréemesgreater than the vaporization energy, ¢ffects of subcooling

cannot be ignored based on first principles.
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Appendix C: Derivation of Inflow Boundary Conditions for MIXA-6

The published information [2gbout themelt delivery inthe MIXA-6 experiment isninimal. The
paper indicateshat 3 kg ofmelt wasproduced in the form of 6 mm droplets. Timelt pour
lasted approximately.5 seconds. The observeelt velocity atthe water surface wasitially
~5 m/seconds and it graduathgcreased to 3.8/seconds over a period about 0.2 seconds.
With this information and some assumptions, a set of inflow conditions can be formulated.

In an effort to obtain better informaticabout the proces®Brian Turland ofWinfrith was
contacted. His descriptiorwas more detailed and was used ash#stsfor thisanalysis. He
wrote[18]:

It is believed that the pour lasted 1.5 s. Detailed measurements were made of the
mass flux close to the initiaater surfacdor the first 0.43 s. At this elevation

the observed droplet speadstypically 3.8 m/s, and the mass flux, based on a
central square are of 122 mm x 122 nwastypically 130 kg/rfls. During the

later 1 s of the pour, obscuration prevented detailed measurement; for this period
a velocity at the inflow location (melt release vessel) of 0.5waBassumed and

a mass flux of 140 kgffs used. These figures give a total mass input of 3.06 kg
(experimental value 3.00 kg). There is some uncertainty on these figures: higher
mass fluxes are obtained earlier on if it is assumed that the flow tapers to zero
rather than is constant in the later time-period.

The IFCI input deck requires a melt velocity and volume fraction for the inflow conditions. These
were derived fronthe given information. Firsthe fluxeswere adjusted to reflect tloglindrical
geometry used in the model. The diameter ofitlew boundary waspecified asl20 mm
(compared to the skirt diameter of 12Pn). By requiringhat themelt fluence behe same, the
mass fluxes beconter1.08kg/n¥/second during the fir€.43 seconds, and 184.Rg/m’/second

for the remaining 1.07 seconds.

The flux at the inflow boundary Einnow) iS related to thenflow velocity (Vinow) and volume
fraction @infow) by the equation:

I:inflow = pmelta inflow Vinflow ’ (C'l)

wherepner Is thedensity ofthe melt. The velocity at theater surface\nr) is related to the
inflow velocity by the integration of the acceleration equation:

Ventry = Vinflow + V 2L g, (C_Z)

whereL is the free fall distance (1 m) agds the gravitational constant. The entry velobaged
upon zeranflow velocity is4.4 msec, which iggreater than the 3.®@/second cited for thirst
0.43 seconds of the poufince thispart of thespecification isnot compatible withthe freefall
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calculation, it was decided to use an entry velocify.0m/second over the entile5 seconds of
the pour. This makeghe inflow velocity 0.57131 m/second over the entirds seconds of the
pour. Theinflow volumefraction then becomes 0.03565 over the fxgf3 sec, and 0.038392
over the remaining 1.07 seconds.
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Appendix D: Estimate of Thermal Radiation from Falling Melt to the
Water

The measurements in the MIXAexperiment clearly indicate thsteam is beindorced through
the flowmeter before thenelt hitsthe water surface While some of this might belue to
convective and radiative heating of thasting steam bthe melt, it is mordkely thatnew steam
is beinggenerated by radiative heating of thater. This appendiypresents a crude estimate of
the steam generation rate due to radiative heating by the falling melt.

The droplet former creates a 4x4 gridnoélt columns whictbreak up into 6 mm droplets. In
order tofacilitate a simple calculatiothe analysis willfocus on the heat transfer from one of
these columns of droplets. Droplets are created at the former with a periodioé former is at

a distance L (1 m) frorthe water surfaceThey freefall in a column. The distance fromater
surface is denoted by the variable z.

The droplet formation period)(is calculated from the equation:

4

5 n I:iirop?, Pmeit
iM
16 At

T=

(D-1)

whereRyrop is the dropradius (3 mm)pmer is themelt density(8400 kg/m3)M is the totalmass
delivered (3kg), and At is thetime intervalover which that mass is delivere(l.5 sec). The
calculated period is 7.602 milliseconds.

If an object begins falling at t=0 from the droplet former, it's distance above the water surface is:
20 = L= Vi, = 9F (D-2)

wheret is measured fronmitial melt release.The position of the first droplet is therefaf@-1),
the second drop z(te®, etc.

The heat transferred from the fidtop Qus, Watts, at temperaturgy,p) to the surface of the
water (at temperaturByacer) IS:

let(t) = A\iropo (Tdrop4 - -l;/ater4) Fd— p( 1 t_T)) I_( t_T) (D'S)
whereF,.,(z) is theview factor between thdrop and the water surface, ahidis the Heaviside
function. The view factor is a function of the distance betweedrtpecenterZ) and the water

surface (radiusRy.o, Of 0.21m), and is approximated by foemulafor aconcentrically aligned
sphere and a disk [19]:
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The heat transferred by the second drop is:

Fa-p(2)= % - (D-4)

Q2nd(t) = A\iropo (Tdrop -u/ater ) { ;I e = 2[) - d—([ (Z t 2[) - (Z t_-[)]} (H t 29 (D'S)

Here, the view factor between the secdnop and the water surfades beerorrected for the
inter-dropview factor, F.q, which is a function othe distance between the centers ofoifugps.

If the blocking drop isapproximated as a disk tiie same radiusthe inter-dropview factor

becomes:

Fi-a(A2) = % - : (D-6)

\/ DER”ODE
Similarly, the heat transferred by the third drop is:
erdd (t) = A\jrop o (Tdrop4 - Twater4){ Fd ;[ t t_3[) - Fd L Q t 3[) - Q t 2[)]} H t 3-) (D'7)

Summing upthe contributions from theérops in onecolumn andmultiplying by the number of
columns (16) produces the heat transferred from the melt drops to the water §)gfiqce (

[Fy-p(z(t-1)) H(t-T1)

rad t rop drOp ater drop(t)
7 A ( o )5 Z {Fd—p[z(t_ m) - F € t=m)— £ t( n—:l)r)]} i+ )

n=2

(D-8)

This is converted into steam
production bydividing by the water

heat of vaporization (2257 kJ/kg) ando 3
multiplying by the change ispecific
volume (1671.9 x 16 m’kg). This
steam productiomate is plotted as a
solid line in Figure 22 as a function of
time after melt release.For reference,
the experimentally measuredate of
0.25 ni/second is plotted as @otted
line. The calculated values rangast
3 m/second and show a dependenceE  frovrierreeneeie et
on melt front location that is not
observed in the data (Figure 9). Thisis 0 0.1 0.2 0.3 04
most likely due to thenter-column Time after Initial Melt Release
self-shielding between the droplets.

This self-shieldingshould increase asigure 22  Calculated Steam Production Rate
the columns of meltget longer. A Due to Radiation from Falling Melt
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more accurate calculation of steam production causédelfgiling melt is beyondhe scope of
this analysis. This analysis does succeed in proving that radiation from the falling mdikatythe
cause of the steam production that was measured before the entrance of the melt into the water.
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Appendix E: Derivation of the Inflow Boundary for Krotos 38

Neither the Krotos-26 or 38xperiments were instrumented to montioe inflow of molten
aluminainto theexperiment cavity. This forcése modeler tanake some approximation. The

IFCI model ofthe Krotos-2Gexperimenstartedout with a solid column of melt suspended in the

gas phase. This melt column then accelerated and fell into the water. This approximation has two
disadvantages. First, tmate of melt entry nto the water ifkely to be unrealistically high.
Second, a gas region equal in height todblamn of melt must be meshed and included in the
calculation.

The more desirable method mibdeling melt Crucible
entry into vessel is with amflow condition.
This requires value$or theinflow volume
fraction and velocity. An estimate for these
values was obtained by simple analysis of

the melt delivery system.

. Molten
In both the 26 and 38 experiments, the
alumina was contained in a crucible and
melted in a furnace whictsat above the
experiment cavity. Whethe alumina was
raised to the desired temperature, ¢checible
was released and dropped dowpie to the
top of the jet. A “spike” on top of the tapered
jet penetrated the bottom of therucible,
allowing the alumina to flow into the jeThis
last phase is illustrated in Figure 23. l ‘ Jet

The flow ofthe molteralumina intoand out _.

of the tapered jet was calculated based u&glure 23
two approximations: 1) thBow wasinviscid,

and 2) the velocity wadominantly vertical and uniform at a single elevation.thicalculation,
the change of the potential energy of et wasequated to theum ofthe kinetic energy of the
melt and the time-integral of the momentum fluence out of the jet.

Schematic of the Crucible / Jet
Configuration
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This equatiorfor mechanical energy is combined wilie continuity equation and solved for the
exit velocity Vex). The solution for the Krotos-38xperiment is shown in Figure 24. The
calculated timdor emptying the melt into the experiment cavity is approximately46 seconds
after themelt first starts toleavethe jet. The average exit velocityagproximatelyl.75 m/sec.
The curve shown in Figure 24 was incorporated intoKireos-38 input deck as anflow
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Figure 24 Computed Jet Exit Velocity as a Function of Time

condition. Sinceéhe width of the celinvolvedwas thesame ashe jet diameter, thaelt volume
fraction for the inflow condition was set to unity.
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Appendix F: Notes on Procedures

Users-Specified Input Parameters

The input deck for IFCI is composed of parametiead describe thghysical dimensions
of theexperiment andhose that control theumerical scheme. Witthe exception of thAL10
parameter, described Appendix A,there was no attempt wptimizethe numericalparameters.
All of the numericalparameters used in the de¢Rppendix Gthrough K), with the exception of
AL10 fall within the range recommended in the IFCI users manual.[16]

Meshing

Decisionsabout themeshing of garticular problem represent a compromise. hish
must befine enough to capture thghysics being modeleahdstill fit into the computememory
and run in an acceptable amount of tindgpendix Ashowed thafine meshesre desirable to
minimize numerical diffusion. Additionallythe numerical techniquessed in IFCI work better if
the length-to-width ratio of theells is ofthe order olunity. WithinIFCI itself, the totalnumber
of cells is limited to approximately 1050.

Theinitial meshfor the MAGICO-701problem(pourradius: 10 cmtotal radius: 20 cm,
waterheight: 25 cmtotal height: 40 cm) was a duplication tbiat used in thanalysisperformed
by Angelini, et. al. [20]. They used 10 equally sized radial cells 2 cm in width and 16 weeliscal
2.5 cmin height. The mesh was refined in the axial direction because of concernsiaiedat!
diffusion inthe axial direction. There was no attemptredine the mesh inthe radial direction to
examine radial numerical diffusion in tlegudy. Axial refinementgroceeded by factors of 2 to
32 and 64axial cells. Thefinal axial mesh ofLl04 cellswas based upon tmeaximumnumber of
cellsthat IFCI couldhandle. Thevapor region wasneshed aénely astheliquid region in these
studies in order to try to capture the liquid swell, which was the quantity actually measured.

The rationale for the MIXA-Gpour radius: 6 cmiotal radius: 2Icm, water height: 60
cm, total height: 1.6 m) mesh was similar to, but not identical to that for the MAGICO mesh. The
initial mesh of 11x36 nodes was created with ideathat modelingthe mixing inthe water was
more important thamodelingthe convection in the gas. Thereforeaké@l cells (8 cell$.0 cm
long thatmodelthe vapor at the elevation of the skirt ancks6.5 cmlong to modethe vapor
below the skirt) were used toodelthe vapor region and 2xial cells of 3 cniength were used
to modelthe liquid region. The pouradius wadlivided into 3 cells of 2 cm length to make the
cells inthe watem@pproximately square. Thiemaining radiabpace (from 6 cm to 21 cm) was
dividedinto 8cells to keeghe cell widthapproximately uniform. Refinements of this mesre
made only irnthe water region anohly in the axial drection. Hence, the 11x56esh contained
40 axial cells inthe waterand the 11x96neshcontained 8Ccells inthe water. As in the
MAGICO mesh, n@attempt wasnade to examine radial numerical diffusion by refirtimgradial
mesh.
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Post-Processing

The FTN92 biary graphic®utputfile was the datéile processed in thesmalyses. The
MPOST post-processing program was usedilter the desiredutputand write itout to an
ASCII datafile. The MPOST program and input instructions can be distributpdra®f the
IFCI package if requested.
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